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Structural and optical investigation of nonpolar
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vapour deposition on r-plane sapphire
by neutron irradiation*
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Nonpolar (1120) a-plane GaN films are grown by metal-organic chemical vapour deposition (MOCVD) on r-plane
(1102) sapphire. The samples are irradiated with neutrons under a dose of 1 x 10> cm™2. The surface morphology,
the crystal defects and the optical properties of the samples before and after irradiation are analysed using atomic force
microscopy (AFM), high resolution X-ray diffraction (HRXRD) and photoluminescence (PL). The AFM result shows
deteriorated sample surface after the irradiation. Careful fitting of the XRD rocking curve is carried out to obtain the
Lorentzian weight fraction. Broadening due to Lorentzian type is more obvious in the as-grown sample compared with
that of the irradiated sample, indicating that more point defects appear in the irradiated sample. The variations of line

width and intensity of the PL band edge emission peak are consistent with the XRD results. The activation energy

decreases from 82.5 meV to 29.9 meV after irradiation by neutron.
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1. Introduction

Nonpolar GaN and its alloys have attracted in-
creasing attention for their applications in optoelec-
tronic devices because conventional c-plane ITI-nitride
quantum well has a large polarization electric field.
The internal electric field, in quantum wells for in-
stance, causes spatial separation of electron and
hole wave functions and reduces recombination rate
and possibly internal quantum efficiency. This phe-
nomenon is known as the quantum-confined Stark
effect.'=3] To eliminate the internal polarization field-
s, group-III nitride layers have been recently grown
In this
case, there is no polarization field perpendicular to

on nonpolar planes, such as a- or m-plane.

the layer interface, because the polar c-axis lies with-
in the growth plane.[ It is well known that irradi-
ation of high-energy particles, such as neutrons and
electrons, can induce structural defects in semicon-
ductors. And the investigation of irradiation-induced
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effects on the material properties of group III-nitrides
may also provide an insight into the microscopic na-
ture of intrinsic and radiation-induced defects. In the
past few decades, there have been many reports on
the irradiation-induced defects in c¢-plane GaN. The
device operation will be affected by deep level defects,
which act as carrier compensation centres.>=7 How-
ever, none of the studies has dealt with the effects of
neutron irradiation on the microstructural and optical
properties of a-plane GaN thin films.

In this paper, we report on neutron irradiation-
induced defects and their effects on the morphology
and photoluminescence (PL) spectrum. It is found
that the full width at half maximum (FWHM) of the
PL spectrum of irradiated a-plane GaN film increas-
es greatly compared with that of the unirradiated a-
plane GaN film. The atomic force microscopy (AFM)
shows deep surface hole is observed after irradiation.
High resolution X-ray diffraction (HRXRD) shows the
irradiation deteriorates the crystal quality.
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2. Experimental procedure

Growth of a-plane GaN films was achieved on
r-plane (1102) sapphire substrates using a cold-wall
showerhead metal-organic chemical vapour deposition
(MOCVD) system. After being chemically cleaned,
r-plane sapphire substrates were loaded into the
chamber. Hydrogen was used as the carrier gas
and triethylgallium, trimethylaluminium and ammo-
nia (NHj3) were used as source reactants. A low tem-
perature AIN (LT-AIN) nucleation layer of 20 nm in
thickness, a high-temperature AIN (HT-AIN) layer of
100 nm in thickness and a high-temperature AIN (8-
nm thick)/AlGaN (12-nm thick) superlattices (SLs)
with ten periods were grown at 610 °C, 1050 °C, and
1020 °C, respectively. After buffer layer growth, a 1.5-
um thick a-plane GaN epitaxial layer was grown.[!4
The sample was irradiated with neutrons under a dose
of 1 x 10" ecm™2. Annealing was carried out at room
temperature for 20 h in air.

The HRXRD was performed using a Bruker D8-
discover system equipped with Ge (220) monochroma-
tor and channel-cut analyzer, delivering a pure CuKa
line of wavelength A = 0.15406 nm. Surface morpholo-
gies of samples were characterized by the AFM using
Agilent 5500 scanning probe system. The PL mea-
surements were carried out using the 325-nm line of
an He—Cd laser. The samples were held in a helium
closed-circuit cryostat in a temperature range from
20 K to 300 K. The luminescence was dispersed using
a 0.5-m monochromator and detected using a CCD.

3. Results and discussion

Figure 1 shows the measured HRXRD results of
the as-grown and the irradiated a-plane GaN film-
s. As we know that the growth of nitride films on
foreign substrates typically leads to the presence of
built-in anisotropy strain, which is due to the differ-
ences in lattice parameter and thermal expansion co-
efficient between films and substrates. Furthermore,
the growth rate along the ¢ direction is much higher
than that along the m direction and so the pleat mor-
phology comes forth and produces the anisotropy.®*]
The XRD rocking curves (XRC) of symmetric reflec-
tion measured in different azimuth angles show gen-
erally higher FWHM for the irradiated sample and
a stronger anisotropy, indicating deteriorated crystal
quality due to neutron irradiation. The AFM images
of the as-grown sample and the irradiated sample are
given in Fig. 2. Compared with the irradiated sample,
the as-grown sample has a superior surface quality and

less surface pits that should be associated with dislo-
cations. For irradiated sample, it has an anisotropic
surface morphology, which is typically observed in the
a-plane as-grown GalN but not shown here, owing to
the bombardment of high-energy particles.
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Fig. 1. Azimuth angle dependences of the FWHM of the
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Fig. 2. 2 pm x 2 pum surface morphologies of the as-grown
(a) and irradiated (b) samples from AFM.

The peak broadening of XRD is attributed main-
ly to the nonuniform strained regions near the lattice
defects and also to the contributions from instrumen-
tal and thermal broadening. The strain broadening of
XRD diffraction peak is proportional to the length of
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the scattering vector which results in Gaussian broad-

ening; while the size effect has an exponential corre-

lation function leading to Lorentzian broadening.['"]

The peak shape analyses of XRD are based on the
separation between the Gaussian and the Lorentzian

broadening using Pseudo—Voigt function%:11]

FL(@)+ (1 - £)G(@), (1
where 04 5
Lo = e e B .

ﬂ\[exp( x_xc)2>. (3)

Here, 8 denotes the FWHM of XRD, when the inci-
dent X-ray beam is parallel to the [0001] direction, f
represents the Lorentzian shape function, x. refers to
the peak position of XRC, A means the area of the
XRC.

In the as-grown and irradiated a-plane samples
both Lorentzian and Gaussian broadenings are ob-
served, which shows that the two kinds of defects
are present in these samples. The dislocations cause
the Lorentzian broadening and the point defects in-
duce the Gaussian broadening. The as-grown sample
and the neutron-irradiated sample are fitted shown in
Fig. 3 and analysed using methods described earlier
and the extracted values are listed in Table 1. After
irradiation the Lorentzian component decreases from
0.558 to 0.517, which means that the irradiated sam-
ple has more point defects than the as-grown sample.
A decrease of 8 from 0.205 to 0.184 indicates damage
after irradiation.

Carrier removal is generally associated with the
trapping of majority carriers by structural defect. It
is well known that the irradiation of high-energy par-
ticles can induce structural defects in semiconductors.
To further investigate the crystal structure of the irra-
diated a-plane GaN, the PL spectra of the samples u-
nirradiated and irradiated by neutrons were measured
and their results at 20 K are shown in Fig. 4, where
three emission peaks at about 3.474 eV, 3.419 eV, and
3.289 eV can be observed. The 3.474 eV peak is a com-
bination of the free exciton and donor bound exciton

transitions. The PL peak at 3.419 eV is most probably
due to the recombination of carriers/excitons bound
The 3.289 eV peak is caused by
donor—acceptor pair (DAP) emission recombination,

and stacking faults.

which is similar to other results reported in Refs. [12]
and [13
and the irradiated sample come from the same origin.
However, the FWHM, the intensity and the position
of the peak change after irradiation.

]. The three PL peaks of the as-grown sample
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Fig. 3. Pseudo-Voigt function fitting for the as-grown (a)
and the irradiated a-plane (b) GaN samples.

To further clarify the PL mechanism of the irra-
diated sample, temperature dependent PL spectrum
is taken from 20 K to 300 K at an excitation power
of 30 mW. The wavelength shifts of the exciton peak
at about 3.474 eV from 20 K to 300 K are given in
Fig. 5, where the peak positions at 20 K are the ref-
erence position. For each of the two samples, the peak

Table 1. Parameters extracted from Pseudo-Voigt function fitting of the XRC of

the as-grown and irradiated samples.

Samples FWHM (B)  f (weight of Lorentzian function) A (area) x (position of w)
As-grown 0.169 0.558 522 29.28
Irradiated 0.184 0.517 541 29.29
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Fig. 4. PL results measured at 20 K for the sample before
and after irradiation.

shift of exciton peak varies as a function of tempera-
ture from 20 K to 300 K, which exhibits a continuous
redshift. But the total redshift value of the as-grown
sample is 8.4 meV and that of the irradiated a-plane
GaN is 59.5 meV. Figure 6 summarizes the FWHMs of
exciton peak for the two samples at different tempera-
tures. The FWHM of the PL spectrum of the irradiat-
ed sample is larger than that of the as-grown sample.
The PL intensity of the irradiated sample is much low-
er than that of the as-grown sample. The normalized
PL intensities each plotted as a function of 1/T for
the as-grown and irradiated GaN films are shown in
Fig. 7. It is well known that both the peak intensity
and FWHM of the PL spectrum from a sample are
closely related to its crystal quality. The broadening
of the PL peak and the reduction of intensity for the
irradiated film indicate that the extent of structural
disorder increases and the crystal quality deteriorates.
The result of the PL spectrum is consistent with the
result of the FWHM of the XRD.
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Fig. 5. Wavelength shifts of the exciton peak varying with
temperature from 20 K to 300 K for the films irradiated
and unirradiated by neutrons.

It has been reported that several defects such
as V-defects, stacking faults and dislocations can be
formed in GaN films, resulting in deterioration in the
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Fig. 6. FWHMs of the exciton peak varying with tem-

perature from 20 K to 300 K for the films irradiated and

unirradiated by neutrons.
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Fig. 7. Normalized PL intensities each as a function of
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1/T for the samples unirradiatted and irradiated by neu-
trons.

structural and optical properties of material. Conse-
quently, with neutron irradiation, a large number of
defects may exist in the a-plane GaN sample. Pho-
togenerated carriers will be easily trapped by high-
density nonradiative centres before they reach the po-
tential minimum. Thus the activation energy must
be lower than that of the as-grown sample. The ex-
perimental temperature-dependent PL data were fit-
ted by Arrhenius equation to investigate the carrier

behaviour,14:15]

1+ aexp(—E./KgT) + bexp(—Fy,/KgT)’
(4)

where I(T) is the temperature-dependent PL intensi-
ty, Io is the PL intensity at 20 K, Ky is Boltzmann’s
constant, a and b are the rate constants and F, and

I(T)

E}, are the activation energies for two different nonra-
diative channels, which can be distinguished accord-
ing to the low temperature and the high temperature
regions.!'® As expected, the activation energy decreas-
es from 82.5 meV to 29.9 meV after being irradiated
by neutron.
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4. Conclusions

Nonpolar (1120) a-plane GaN films are grown on
r-plane (1102) sapphire substrates by MOCVD. The
samples irradiated with neutrons under a dosage of
1 x 10 ¢cm™2 are investigated using AFM, HRXRD
and PL spectra Pseudo-Voigt function is used to sep-
arate the Gaussian broadening from the Lorentzian
broadening. Lorentzian type broadening is more in
the as-grown sample than in the irradiated sample.
As a result more point defects appear in the irradi-
ated sample. In addition, the PL spectrum reveals
that the nonpolar as-grown a-plane GaN film has the
lower activation energy, which is associated with the
dislocations formed in the irradiated process.
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